A relevant minimal dataset without identifiers is included in Supporting Information files.

Introduction {#sec005}
============

The diagnosis of benign prostatic hyperplasia (BPH) is often in response to the development of lower urinary tract symptoms (LUTS), including urinary hesitancy, urgency, and frequency. These symptoms are among the most common morbidities associated with aging in men \[[@pone.0156918.ref001]--[@pone.0156918.ref004]\]. Medical treatment options include α-adrenergic antagonists or 5-α reductase inhibitors, however about one-third of men with LUTS do not respond to either treatment approach \[[@pone.0156918.ref005]\]. Patients who are resistant to treatment, or who become resistant to treatment over time, will become candidates for surgical intervention to reduce LUTS severity. Further understanding the causes of LUTS will guide interventions to prevent LUTS or increase sensitivity to medical treatment.

Regions of chronic inflammation are common across the stroma and glandular epithelium of human prostate tissue \[[@pone.0156918.ref006]\], with the potential to drive cell proliferation and angiogenesis \[[@pone.0156918.ref007]\]. Analysis of data and biospecimens from the Medical Therapies of Prostatic Symptoms (MTOPS) study found inflammatory infiltrates associated with a larger prostate volume and LUTS progression \[[@pone.0156918.ref007]--[@pone.0156918.ref009]\]. Similarly, chronic inflammation was associated with LUTS severity in the Reduction by Dutasteride of Prostate Cancer Events (REDUCE) trial \[[@pone.0156918.ref010]\]. Obesity is also one of the more consistent risk factors for BPH \[[@pone.0156918.ref011], [@pone.0156918.ref012]\]. For example, analysis of data from the Prostate Cancer Prevention Trial (PCPT) found increased body mass index (BMI) significantly associated with more severe LUTS, while a greater waist-hip ratio (WHR) was marginally associated with moderate to severe LUTS (American Urologic Association Symptom Index (AUA-SI) ≥ 15: RR~(BMI≥30)~ = 1.30, 95% CI (1.08, 1.47), RR~(WHR≥1.05)~ = 1.30, 95% CI (0.95, 1.78)) \[[@pone.0156918.ref013]\]. Similarly, a larger waist circumference (WC) was significantly associated with BPH surgery in the Health Professionals Follow-up cohort (RR~(WC\>39--43\ cm)~ = 1.46 (1.07, 2.01); RR~(WC\>43\ cm)~ = 1.64 (1.07, 2.54), p-trend = 0.003)\[[@pone.0156918.ref014]\]. Prostate enlargement is a secondary component cause of LUTS reflecting increased prostate cell proliferation and benign hyperplasia in prostate tissue. Our prior research, as well as analysis of the Olmstead County Study and the Baltimore Longitudinal Study of Aging, found obese men had a significantly larger prostate size compared to non-obese men \[[@pone.0156918.ref015]--[@pone.0156918.ref017]\]. Obesity is well-known to be linked with cardiovascular disease and other inflammation-related diseases \[[@pone.0156918.ref018], [@pone.0156918.ref019]\], and these prior BPH studies suggest obesity in some way generates an environment conducive to prostate enlargement and LUTS progression.

We hypothesize that obesity drives a state of chronic systemic inflammation, leading to prostate tissue immune cell infiltration, tissue remodeling, hyperplasia, benign prostatic enlargement, increased LUTS severity, and clinical BPH. Regions of hypoxia and cell necrosis may form within adipose tissue as the amount of adipose tissue increases. Macrophages and other immune cells infiltrate the adipose tissue mass in response to necrosis, resulting in increased cytokine levels and generation of reactive oxygen species (ROS) \[[@pone.0156918.ref018], [@pone.0156918.ref019]\], and a state of chronic systemic inflammation that may support immune cell infiltration into the prostate. Additional proinflammatory cytokines may be released into the prostate stroma, triggering stromal cell proliferation and culminating in prostate enlargement or increased LUTS severity \[[@pone.0156918.ref009], [@pone.0156918.ref020], [@pone.0156918.ref021]\].

[Fig 1](#pone.0156918.g001){ref-type="fig"} summarizes the conceptual approach of this study, with prostate size and LUTS severity serving as BPH outcomes. Analyses investigate the relationship between these outcomes with obesity and body composition measures; blood and urinary markers of inflammation and oxidative stress; the extent, grade, aggressiveness, and location of prostate tissue inflammation; and T and B cell infiltration in prostate tissue. This comprehensive approach in a single study is unique, and allows us to investigate the links between obesity, systemic inflammation, prostate tissue inflammation, and BPH outcomes.

![Obesity and BPH: Conceptual Approach.\
Excess body adiposity or a centralized body fat deposition may lead to increased levels of circulating proinflammatory cytokines and systemic oxidative stress. Proinflammatory signaling may facilitate increased immune cell invasion and prostate tissue inflammation, leading to prostate enlargement and greater LUTS severity.](pone.0156918.g001){#pone.0156918.g001}

Materials and Methods {#sec006}
=====================

Study Participants {#sec007}
------------------

Participants were enrolled as a part of the Nashville Men's Health Study, a multi-centered, rapid-recruitment protocol initiated in 2002 and targeting men seeking a diagnostic prostate biopsy at Vanderbilt University Medical Center, the Tennessee Valley Veterans Administration Medical Center, and Urology Associates---a large community urology practice \[[@pone.0156918.ref022]\]. Exclusion criteria included age less than 40 years, a prior prostate cancer diagnosis, prior prostate surgery, use of androgen supplementation, or English language insufficient for informed consent. Approximately 90% of eligible men approached for recruitment consented to participate, and a single pathologist reviewed clinical biopsies for consistency. All protocols were approved by IRBs at Vanderbilt University and the Tennessee Valley Veterans Administration, and all subjects provided written informed consent prior to data collection.

Medical Chart Review and AUA-SI {#sec008}
-------------------------------

Data abstraction from urology, surgery, and pathology medical reports included PSA test history, the number of prior biopsies, number of prostate cores collected at biopsy leading to recruitment, prostate volume (ml) at biopsy ultrasound, and use of **α-**blockers or 5-**α**reductase inhibitors. A structured research questionnaire was also administered at the time of recruitment that included the American Urological Association Symptom Index (AUA-SI) \[[@pone.0156918.ref023]\].

Obesity and Body Composition {#sec009}
----------------------------

Weight (kg) (no shoes, hospital gown) was measured on a calibrated scale, and height (within 0.1 cm) was measured by stadiometer at the time of recruitment by trained staff. Waist and hip circumferences are measured using an anthropometric tape measure with built-in tension meter (Gullick II) to ensure a consistent tape tension during measurement. Waist circumference was measured at the narrowest part of the torso, and hip circumference was measured at the maximum posterior extension of the buttocks. Staff performed two measurements at each site in rotational order, with a third measurement if the first two differ by more than 1 cm. The collected circumference measures were averaged prior to analysis. Body composition, including total fat mass (kg), total lean mass (kg), and % body fat (%BF), was measured by bioelectric impedance analysis (BIA) (Tanita Corporation, Arlington Heights, IL). Participants were without socks, wearing a clinical robe, and provided drinking water to ensure hydration during BIA measurement.

BPH Biomarker Sub-study {#sec010}
-----------------------

To focus on the non-malignant causes of prostate enlargement and LUTS, we restricted this analysis to NMHS participants with a negative prostate biopsy. We excluded patients diagnosed with prostate cancer, high-grade prostatic intraepithelial neoplasia (HGPIN), atypical small acinar proliferation lesion, or other results suspicious for prostate cancer. We further restricted to participants recruited between 2009 and 2012 and who completed the AUA-SI for LUTS severity. Participants with an AUA-SI greater than 30 were also excluded to prevent these few participants from having strong influence on the analysis. The final study population included 191 men without PC at biopsy.

Prostate Tissue Inflammation {#sec011}
----------------------------

Prior to scoring prostate tissue cores for inflammation, we conducted a pilot study to support feasibility by comparing inflammation in biopsy cores collected at the apex, mid, and base prostate from 5 patients. We found inflammation levels in the mid-prostate were comparable to that of the apex, and only slightly higher than the base, and therefore focused analyses on the mid-region as representative in order to support the feasibility of analysis in our study sample. A broader analysis comparing inflammation levels in cores vs. blocks found similar results \[[@pone.0156918.ref024]\]. Therefore, our final prostate tissue inflammation scoring was performed on the mid-prostate on both the left and right sides from each patient.

Our goal was to identify and score regions of moderate to severe chronic inflammation. The approach was adapted from the consensus criteria developed by Nickel, the North American Chronic Prostatitis Collaborative Research Network, and the International Prostatitis Collaborative Network \[[@pone.0156918.ref025]\]. A similar strategy was recently used by Song and colleagues \[[@pone.0156918.ref026]\] and additionally adapted by Irani and colleagues \[[@pone.0156918.ref027], [@pone.0156918.ref028]\]. Tissue samples were stained by hematoxylin and eosin (H&E), and images were taken to capture the entire length of each stained prostate core using the Clearview Software package from Olympus. Images at 20X were sufficient to characterize inflammatory regions in tissue for most slides, while an increase magnification to 40X was occasionally necessary. The glass slides, as well as resultant images, were reviewed in a blinded manner by an experienced pathologist (author: OF) without knowledge of the patients' prostate size or LUTS severity. Within each image, regions of inflammation (ROI) were identified for further analysis and processing. These ROI included confluent sheets of inflammatory cells, with or without tissue destruction or lymphoid nodule or follicle formation. The ROI approach enabled us to create cumulative inflammation scores across all images for all cores from the left and right for each patient, as well as provide a means to select a segment of tissue with levels of inflammatory cells sufficient to analyze and score.

The inflammation in each ROI was further scored on four parameters:

1.  Location: Anatomic location (glandular, periglandular, stromal), with "glandular" infiltrates being within the epithelia or lumina of ducts/glands, "periglandular" infiltrates being in stroma, centered around ducts/glands for a distance of no more than 50 μm, and "stromal" infiltrates being within stroma, not centered around ducts and glands and being 50 μm or more from them \[[@pone.0156918.ref025]\]. With few ROIs categorized as strictly stromal, we combined periglandular + stromal ROIs for comparison to glandular ROIs.

2.  Aggressiveness: For those ROIs identified as "glandular", the level of inflammatory cell infiltration and disruption of the glandular epithelia was further scored on a 4-tiered scale using the criteria of Irani et al. (0: no contact between inflammatory cells and glandular epithelium; 1: minimal contact between inflammatory cells and glandular epithelium, without overt epithelial disruption; 2: interstitial inflammatory infiltrate associated with a clear but limited (less than 25% of examined material) glandular epithelium disruption; 3: glandular epithelium disruption on more than 25% of the examined material \[[@pone.0156918.ref028]\].

3.  Grade: The ROI grade represents an estimation of the inflammatory cell density in each ROI. We applied the 3-tiered system proposed by Nickel and colleagues \[[@pone.0156918.ref025]\], and assigned a grade to each ROI as follows: 1/mild: scattered individual inflammatory cells, predominantly separated by intervening spaces (estimated density of less than 100 cells/mm^2^); 2/moderate: sheets of inflammatory cells, predominantly confluent, without lymphoid follicle formation or overt tissue destruction (estimated density of 100--500 cells/mm^2^); 3/severe: confluent sheets of inflammatory cells with tissue destruction and/or lymphoid follicle formation, (estimated density of greater than 500 cells/mm^2^).

4.  Extent: The extent of inflammation in tissue from each patient was calculated as the total area of all ROI across all images for that patient divided by the total tissue area scored for that patient x 100, to yield as the percent of all analyzed cores for a given patient with inflammation.

Immune Cell Infiltration {#sec012}
------------------------

We measured CD3, a marker of T cell infiltration, and CD20, a marker of B cell infiltration, on an automated immunostainer in the Vanderbilt Translational Pathology Core. Duplicate slides from the mid-prostate on the left and right were stained for each patient. Images of stained slides were generated in the Vanderbilt Digital Histology Shared Core using an Aperio Scanscope XT®. Percentage of tissue with immune cell infiltration was calculated as the number of positive pixels for CD3 or CD20 divided by the total number of pixels in the scorable tissue space. Representation of areas with corpus amylacea, crushed or stained margins, or damaged tissue removed from the scorable tissue space either programmatically or manually.

This measurement is very precise as a quantitative measure of immune cell staining, however it cannot differentiate intense focal staining in a portion of the core vs. diffuse moderate staining involving the whole core. Since it is not clear that these two situations are indeed of equal pathological importance, and because obesity may advance a pre-existing inflammatory state rather than initiate an original inflammation locus, a second series of measurements examined the intensity of positive staining. Images of cores were divided into 500 x 500 micron (0.5 x 0.5 mm) square regions, and within each region we measured the percent composition of the positive stain. The level of staining was then sorted in ascending order of percent positive staining within each region across the entire population of biopsies for each patient, providing an index of each patient's maximal CD3 or CD20 positive staining.

Urine and Blood Biomarkers of Inflammation and Oxidative Stress {#sec013}
---------------------------------------------------------------

Serum cytokine levels were measured in the Vanderbilt Hormone Assay Core Lab using a magnetic bead-based multi-analyte panel on the Luminex bead-based assay (Millipore Inc., Billerica, MA). Serum leptin, an adipocytokine and a biomarker of body adiposity, was also assayed on the Luminex platform. All assay coefficients of variation were less than 10%. Urinary prostaglandin E2- metabolite (PGE-M) is an index of COX activity and endogenous PGE~2~ levels in humans, and was measured by liquid chromatography/tandem mass spectrometric (LC/MS) method \[[@pone.0156918.ref029]\]. The lower limit of detection of PGE-M was 40 pg, a level approximately 100-fold below what is found in normal human urine. The coefficient of variation for samples analyzed in multiple batches was 7.2% and the assay [accuracy]{.ul} was [93%]{.ul} (*n* = 4 separate experiments \[[@pone.0156918.ref029]\]). F2-isoprostane measurement provides a measure of *in vivo* lipid peroxidation as an estimate of systemic oxidative stress \[[@pone.0156918.ref030], [@pone.0156918.ref031]\]. To avoid concern that unmetabolized isoprostanes may be artificially generated *in vitro* in biological fluids by autoxidation or that the level may be significantly affected by the renal isoprostane production, we also measured the F2-isoprostane metabolite (2,3-dinor-5,6-dihydro-15-F~2t~-IsoP or F2iP-M)\[[@pone.0156918.ref030]--[@pone.0156918.ref032]\]. F2iP and F2iP-M were measured by gas chromatography/negative ion chemical ionization mass spectrometry (GC/NICI MS) \[[@pone.0156918.ref030], [@pone.0156918.ref031]\]. Urinary markers were standardized to urinary creatinine prior to analysis to control for differences in urine volume.

Statistical Analysis {#sec014}
--------------------

Patient characteristics were summarized with median and quartiles for continuous variables and frequency and percent for categorical variables. Multivariable linear regression was used to estimate the association between each assessment of obesity (i.e., BMI, WC, WHR, leptin), tissue inflammation (i.e., grade, extent, aggressiveness, location), and immune cell infiltration (i.e., CD3 and CD20; average and maximum) with LUTS severity (i.e., score on AUA-SI) or prostate volume (mls) at ultrasound. The number (n) may vary somewhat across biomarker measures due to assay failure or lack of sample. In each model, age and prior BPH medication were included as additional covariates. Serum and urinary markers were log-transformed prior to analysis, and then transformed back to the original scale for presentation. Interaction between the variable of interest and BPH medication was considered, and results are included in [S1 File](#pone.0156918.s001){ref-type="supplementary-material"}. The interaction term was not statistically significant in the vast majority of analyses, while those instances were results differed by BPH treatment status are indicated in the text. Beta coefficients from regression models are reported to provide an overall effect estimate. We also determine difference in AUA-SI or prostate volume that corresponds to change in the obesity measure from the 25^th^ percentile to the 75^th^ percentile, providing a more easily interpreted measure of effect that is within the range of the data. Multivariable logistic regression was also used in the analyses investigating the association WHR and LUTS associations. Statistical significance was defined as p ≤ 0.05, and interpreted in the context of our conceptual model and hypotheses ([Fig 1](#pone.0156918.g001){ref-type="fig"}). All analyses were conducted with R (<http://www.R-project.org/>).

Results {#sec015}
=======

Study Population {#sec016}
----------------

The median age of study participants was 65 years ([Table 1](#pone.0156918.t001){ref-type="table"}). Most were married, self-defined as white, and had a PSA level of 4 ng/ml or more. About 34% had a BMI of 30 or more, and median %BF was 27.4%. Indices of centralized fat deposition include WC and WHR, with median values of 41 cm and 1.03, respectively. About 29% of men were taking medications to treat BPH, and the median prostate volume and AUA-SI score were 48 mls and 9, respectively.

10.1371/journal.pone.0156918.t001

###### Study Population Characteristics.

![](pone.0156918.t001){#pone.0156918.t001g}

  -------------------------- ------------------ ------------ ---------------
  **Factor (continuous)**    **N**              **Median**   **Quartiles**
  Age (years)                191                65.0         60.5, 70.0
  Height (cm)                191                175          172, 180
  BMI                        191                28.5         25.9, 30.8
  WC (cm)                    191                41.0         37.5, 43.3
  WHR                        191                1.027        0.976, 1.071
  Fat mass (kg)              182                24.5         18.8, 30.4
  Lean mass (kg)             182                62.3         56.9, 66.7
  \% body fat                182                27.4         24.0, 31.9
  PSA (ng/ml)                189                4.5          3.2, 6.1
  AUA-SI                     191                9            4, 15
  Prostate volume (mls)      186                48.0         34.7, 66.8
  **Factor (categorical)**   **Level**          **N**        **%**
  Race                       African American   6            3%
                             White              185          97%
  Marital Status             Married            170          89%
                             Widowed            6            3%
                             Divorces/Single    15           8%
  BPH treatment              Yes                55           29%
  LUTS (AUASI score)         0--7               88           46%
                             8--20              79           41%
                             21--30             24           13%
  Prostate Volume            Less than 40 mls   64           34%
                             40--59 mls         64           34%
                             60 mls or more     58           32%
  -------------------------- ------------------ ------------ ---------------

Body Composition and Prostate Volume or LUTS severity {#sec017}
-----------------------------------------------------

We first considered the potential interaction between obesity and use of medications for BPH, but found almost no interactions to be statistically significant in predicting either prostate volume or LUTS severity (Tables A and B in [S1 File](#pone.0156918.s001){ref-type="supplementary-material"}). Thus, analyses investigating obesity and BPH derived from models that controlled for age and BPH treatment, unless otherwise specified. Increasing prostate volume was significantly associated with BMI, WHR, WC, %BF, Total Fat Mass, and Total Lean Mass ([Table 2](#pone.0156918.t002){ref-type="table"}). For example, prostate volume was 7.19 mls larger among men with a BMI of 30.8 compared to men with a BMI of 25.9. Similarly, prostate volume was between 6.59 to 9.04 mls higher, on average, comparing men in the lowest vs. the highest quartile of body fat mass or lean mass composition scores, respectively. Serum leptin, an adipokine, was also significantly associated with prostate enlargement (p = 0.008, [Table 3](#pone.0156918.t003){ref-type="table"}). In contrast, obesity measures including body composition and leptin levels were not significantly associated with LUTS severity.

10.1371/journal.pone.0156918.t002

###### Association between Body Composition and Prostate Volume or Lower Urinary Tract Symptom Severity (LUTS).

![](pone.0156918.t002){#pone.0156918.t002g}

  ------------------------------------------ ---------- -------------------------------------------- --------------------------------------------------- -------- ----------------------- ---------------------------------------------------------------- ------------ -------- -------
  **Prostate volume**                                                                                                                                                                                                                                                            
  **Obesity**                                **Unit**   **N**[\*](#t002fn001){ref-type="table-fn"}   **Beta**[\*\*\*](#t002fn003){ref-type="table-fn"}   **P**    **Obesity Quartiles**   **PV difference**[^**\#**^](#t002fn004){ref-type="table-fn"}     **95% CI**            
  BMI                                        kg/m^2^    186                                          1.47                                                0.0003   25.9                    30.8                                                             7.19         3.30,    11.07
  WHR[\*](#t002fn001){ref-type="table-fn"}   ratio      186                                          0.55                                                0.033    97.6                    107.1                                                            5.22         0.41,    10.02
  WC                                         cm         186                                          1.27                                                0.0006   37.5                    43.3                                                             7.31         3.15,    11.46
  Height                                     cm         186                                          0.53                                                0.068    172                     180                                                              4.65         -0.34,   9.65
  \% Body Fat                                \%         177                                          0.70                                                0.021    24.0                    31.9                                                             5.48         0.85,    10.10
  Lean Mass                                  kg         177                                          0.92                                                0.0001   56.9                    66.7                                                             9.04         4.57,    13.50
  Fat Mass                                   kg         177                                          0.57                                                0.0025   18.8                    30.4                                                             6.59         2.34,    10.83
  **LUTS**                                                                                                                                                                                                                                                                       
  **Obesity**                                **Unit**   **N**[\*](#t002fn001){ref-type="table-fn"}   **Beta**                                            **P**    **Obesity Quartiles**   **LUTS difference**[^**\#**^](#t002fn004){ref-type="table-fn"}   **95% CI**            
  BMI                                        kg/m^2^    191                                          0.096                                               0.39     25.9                    30.8                                                             0.47         -0.61,   1.55
  WHR[\*](#t002fn001){ref-type="table-fn"}   ratio      191                                          0.013                                               0.86     97.6                    107.1                                                            0.12         -1.20,   1.44
  WC                                         cm         191                                          0.055                                               0.59     37.5                    43.3                                                             0.32         -0.84,   1.47
  Height                                     cm         191                                          0.026                                               0.74     172                     180                                                              0.23         -1.13,   1.58
  \% Body Fat                                \%         182                                          0.059                                               0.47     24.0                    31.9                                                             0.46         -0.79,   1.71
  Lean Mass                                  kg         182                                          0.061                                               0.36     56.9                    66.7                                                             0.60         -0.68,   1.88
  Fat Mass                                   kg         182                                          0.051                                               0.33     18.8                    30.4                                                             0.58         -0.59,   1.75
  ------------------------------------------ ---------- -------------------------------------------- --------------------------------------------------- -------- ----------------------- ---------------------------------------------------------------- ------------ -------- -------

\* N may vary due to missing values.

\*\* WHR \* 100

\*\*\* Beta--coefficient from linear regression model adjusted for age and treatment for BPH

\# Difference in PV or LUTS between the quartile values of each body composition measurement.

10.1371/journal.pone.0156918.t003

###### Inflammatory Biomarkers and Prostate Volume and Lower Urinary Tract Symptom Severity.

![](pone.0156918.t003){#pone.0156918.t003g}

  --------------------- -------- ------- ---------------------------------------- --------------------------------------------- ------- --------------------------------------------------------- ----------------- -------- --------- -------
  **Prostate Volume**                                                                                                                                                                                                                  
                        Marker   Unit    N[\*](#t003fn001){ref-type="table-fn"}   Beta[\*\*](#t003fn002){ref-type="table-fn"}   P       Marker Quartiles[^\#^](#t003fn003){ref-type="table-fn"}   PV difference     95% CI             
  Serum                 IL-6     pg/ml   158                                      0.82                                          0.70    1.90                                                      6.17              0.96     -4.00,    5.93
                        IL-8     pg/ml   158                                      -3.84                                         0.29    2.91                                                      5.35              -2.34    -6.68,    2.00
                        TNF-α    pg/ml   158                                      3.36                                          0.41    2.83                                                      5.03              1.93     -2.66,    6.52
                        IL-1β    pg/ml   158                                      -2.12                                         0.42    0.92                                                      2.59              -2.19    -7.52,    3.14
                        Leptin   pg/ml   158                                      5.58                                          0.008   4144                                                      13417             6.56     1.70,     11.42
  Urine                 PGE-M    ng/ml   160                                      -1.92                                         0.30    8.67                                                      38.60             -2.86    -8.34,    2.62
                        F2iP     ng/ml   156                                      -2.63                                         0.14    0.92                                                      4.98              -4.43    -10.39,   1.52
                        F2iP-M   ng/ml   158                                      -2.02                                         0.23    0.39                                                      2.05              -3.36    -8.87,    2.14
  **LUTS**                                                                                                                                                                                                                             
                        Marker   Unit    N                                        Beta                                          P       Marker Quartiles[^\#^](#t003fn003){ref-type="table-fn"}   LUTS difference   95% CI             
  Serum                 IL-6     pg/ml   162                                      -0.99                                         0.078   1.90                                                      6.17              -1.17    -2.47,    0.13
                        IL-8     pg/ml   162                                      -1.79                                         0.061   2.91                                                      5.35              -1.09    -2.24,    0.05
                        TNF-α    pg/ml   162                                      0.35                                          0.73    2.83                                                      5.03              0.20     -0.95,    1.35
                        IL-1β    pg/ml   162                                      -1.39                                         0.043   0.92                                                      2.59              -1.44    -2.83,    -0.04
                        Leptin   pg/ml   162                                      0.38                                          0.50    4144                                                      13417             0.44     -0.85,    1.74
  Urine                 PGE-M    ng/ml   164                                      -0.43                                         0.38    8.67                                                      38.60             -0.65    -2.11,    0.81
                        F2iP     ng/ml   160                                      -0.28                                         0.56    0.92                                                      4.98              -0.48    -2.09,    1.13
                        F2iP-M   ng/ml   162                                      -0.13                                         0.77    0.39                                                      2.05              -0.22    -1.66,    1.23
  --------------------- -------- ------- ---------------------------------------- --------------------------------------------- ------- --------------------------------------------------------- ----------------- -------- --------- -------

\* N may vary due to missing values.

\*\* Beta--coefficient from linear regression model adjusted for age and treatment for BPH

\# Difference in PV or LUTS between the quartile values of each inflammatory marker. The interaction between IL-1β and BPH treatment on LUTS severity was marginally significant (p = 0.09). Difference in AUA-SI across inter-quartile range of IL-1b = -3.70 (-6.61, -0.80), among those receiving any BPH treatment (n = 45).

Systemic Inflammation and Prostate Volume or LUTS severity {#sec018}
----------------------------------------------------------

We analyzed a panel of four serum cytokines (IL-6, IL-8, TNF-α, and IL-1β) and three urine biomarkers (PGE-M, F2iP, F2iP-M) to investigate the relationship between systemic inflammation and oxidative stress markers with prostate volume or LUTS severity ([Table 3](#pone.0156918.t003){ref-type="table"}). Prostate volume was not associated with levels of serum inflammatory cytokines. Urinary markers of oxidative stress tended to be associated with a smaller prostate volume, with a marginally significant inverse association between urinary F2iP levels and prostate volume (p = 0.08). We similarly found that urinary PGE-M was associated with a smaller prostate volume among men under BPH treatment (p-interaction = 0.015, Table C in [S1 File](#pone.0156918.s001){ref-type="supplementary-material"}).

LUTS severity was significantly lower with increasing blood IL-1β levels (p = 0.04), particularly among those men under BPH treatment such that adjusted AUA-SI scores were 3.70 lower at the upper vs. lower quartile of IL-1β within those men treated for BPH (Table D in [S1 File](#pone.0156918.s001){ref-type="supplementary-material"}: n = 45; -3.70, 95% CI (-6.61, -0.89), p\<0.05). Other systemic inflammatory markers such as IL-6 and IL-8 tended to also have inverse relationships with LUTS severity but did not reach statistical significance.

Prostate Tissue Inflammation and Prostate Volume or LUTS Severity {#sec019}
-----------------------------------------------------------------

We next investigated the relationship between prostate tissue inflammation and BPH outcomes. [Table 4](#pone.0156918.t004){ref-type="table"} includes descriptive median values of prostate size or LUTS severity across levels of inflammation grade, location, and aggressiveness, as well as adjusted mean differences in prostate size or LUTS severity between inflammation scoring criteria. Adjusted mean prostate volume was somewhat greater with an increasing number of inflammatory regions and increasing grade of inflammation, but these differences were not statistically significant. Prostate volume also was not significant associated with inflammation grade, location, aggressiveness, or extent (Tables D and E in [S1 File](#pone.0156918.s001){ref-type="supplementary-material"}). In contrast, LUTS severity was significantly associated with the presence of severe inflammation grade, such that men with severe inflammation had a 7.07 higher adjusted AUA-SI score than men with mild inflammation (p = 0.004). LUTS severity scores were also a marginally significant 3.16 higher (p = 0.058) among men with inflammation regions in the non-glandular vs. glandular compartment.

10.1371/journal.pone.0156918.t004

###### Properties of Prostate Tissue inflammation, and Association with Prostate Volume or LUTS Severity.

![](pone.0156918.t004){#pone.0156918.t004g}

  ---------------------------------- --------------- ------- ------------------------ --------------------------------------------------------------- -------------------------- ------- ---------------
  **Prostate Volume (mls)**                                                                                                                                                              
                                                             **Descriptive Values**   **Adjusted Comparisons**[\*](#t004fn001){ref-type="table-fn"}                                      
  **Prostate Tissue Inflammation**   **Level**       **n**   **Median**               **Quartiles**                                                   **Difference**             **P**   **95% CI**
  \# of Inflammatory Regions         0               92      46.0                     35.0 to 59.3                                                    Reference                          
                                     1               39      50.0                     37.8 to 68.4                                                    6.90                       0.16    -2.73 to 16.5
                                     2 or more       55      51.0                     30.8 to 77.5                                                    4.09                       0.35    -4.54 to 12.7
  Grade                              Mild            32      49.8                     38.2 to 63.4                                                    Reference                          
                                     Moderate        50      53.3                     31.0 to 78.6                                                    3.52                       0.58    -9.21 to 16.3
                                     Severe          12      45.0                     28.9 to 87.9                                                    5.66                       0.55    -13.0 to 24.3
  Location near Gland                Glandular       68      46.3                     30.9 to 75.3                                                    Reference                          
                                     Non-glandular   26      56.7                     49.0 to 76.8                                                    4.14                       0.52    -8.54 to 16.8
  Aggressiveness                     None/Minimal    51      50.0                     37.8 to 78.0                                                    Reference                          
                                     \< 25%          15      45.0                     29.1 to 65.9                                                    -7.52                      0.31    -22.1 to 7.07
                                     \> 25%          12      40.0                     30.9 to 56.6                                                    -7.98                      0.32    -23.9 to 7.99
  **LUTS (AUA-SI)**                                                                                                                                                                      
                                                                                      **Descriptive Values**                                          **Adjusted Comparisons**           
  **Prostate Tissue Inflammation**   **Level**       **n**   **Median**               **Quartiles**                                                   **Difference**             **P**   **95% CI**
  \# of Inflammatory Regions         0               96      7.0                      4.0 to 14.0                                                     Reference                          
                                     1               39      7.0                      3.5 to 15.5                                                     -0.37                      0.78    -2.98 to 2.24
                                     2 or more       56      10.5                     7.0 to 16.2                                                     1.18                       0.32    -1.14 to 3.51
  Grade                              Mild            32      7.5                      5.0 to 11.3                                                     Reference                          
                                     Moderate        51      10.0                     4.0 to 16.0                                                     1.10                       0.52    -2.17 to 4.19
                                     Severe          12      16.5                     11.8 to 21.8                                                    7.07                       0.004   2.39 to 11.8
  Location near Gland                Glandular       69      10.0                     4.0 to 14.0                                                     Reference                          
                                     Non-glandular   26      11.0                     7.0 to 18.0                                                     3.16                       0.058   -0.11 to 6.43
  Aggressiveness                     None/Minimal    52      10.5                     3.8 to 17.0                                                     Reference                          
                                     \< 25%          15      11.0                     6.5 to 13.5                                                     -0.53                      0.80    -4.91 to 3.85
                                     \> 25%          12      8.5                      5.3 to 10.5                                                     -1.59                      0.51    -6.39 to 3.20
  ---------------------------------- --------------- ------- ------------------------ --------------------------------------------------------------- -------------------------- ------- ---------------

\*Adjusted Comparisons were calculated as the difference (increase or decrease) in prostate volume or LUTS severity relative to the reference category, after controlling for BPH treatment and age in a linear model.

To consider the role of obesity on inflammation grade, we compared all obesity and body composition measures and against inflammation grade within the subset of participants with any prostate inflammation. Only WHR was significantly associated with inflammation grade, such that WHR increased with increasing inflammation grade (p = 0.02, adjusted for age and BPH treatment) ([Fig 2](#pone.0156918.g002){ref-type="fig"}). Analysis of the relationship between LUTS severity and WHR within this subset of participants also found that a higher WHR was significantly associated with moderate/severe LUTS (AUA-SI≥8: OR~(WHR\>1.03)~ = 2.56, p = 0.03, adjusted for age and BPH treatment).

![Prostate Tissue Inflammation and Waist-Hip Ratio: The grade of inflammation identified in prostate tissue was significantly associated with WHR, such that men with severe inflammation had a significantly higher WHR (p = 0.02; age and BPH treatment adjusted).](pone.0156918.g002){#pone.0156918.g002}

Immune Cell Infiltration and Prostate Volume or LUTS severity {#sec020}
-------------------------------------------------------------

We scored the % of tissue as stained for CD3 or CD20 as indicators of T or B cell invasion, respectively ([Table 5](#pone.0156918.t005){ref-type="table"}). To separate a broad effect across tissue from the possibility of a more aggressive local effect on LUTS and prostate volume, we separately scored average levels of staining across all tissue and the local region of tissue with the greatest immune cell staining within each participant. CD3 and CD20 positive staining were not significantly associated with prostate volume, although we note that increased maximal CD3 staining was marginally associated with a smaller prostate volume (p = 0.065). Furthermore, the presence of more intense CD20 positive staining was significantly associated with lower LUTS severity. No measure of obesity was significantly associated with either CD3 or CD20 scores in prostate tissue.

10.1371/journal.pone.0156918.t005

###### Extent (% of tissue) of Inflammation, and CD3 and CD20 Immune Cell Infiltration, with Prostate Volume or LUTS severity.

![](pone.0156918.t005){#pone.0156918.t005g}

  ---------------------------- --------- ---------------------------------------- --------------------------------------------- ------ ----------------- ------------------------------------------------------ -------- --------- -------
  **Prostate Volume (mls)**                                                                                                                                                                                                        
  Inflammation                 scale     N[\*](#t005fn001){ref-type="table-fn"}   Beta[\*\*](#t005fn002){ref-type="table-fn"}   P      Infl. Quartiles   PV Difference[^\#^](#t005fn003){ref-type="table-fn"}   95% CI             
  Extent (%) of inflammation   Average   94                                       -2.06                                         0.07   0.40              2.75                                                   -4.84    -10.00,   0.31
                               Maximum   94                                       -0.17                                         0.14   5.65              38.40                                                  -5.52    -12.93,   1.89
  CD3 positive Tissue          Average   107                                      -3.40                                         0.43   0.30              1.02                                                   -2.46    -8.67,    3.74
                               Maximum   107                                      -1.22                                         0.07   1.86              5.62                                                   -4.60    -9.49,    0.30
  CD20 positive Tissue         Average   107                                      16.01                                         0.33   0.007             0.13                                                   1.96     -2.02,    5.94
                               Maximum   107                                      0.70                                          0.60   0.073             1.91                                                   1.29     -3.53,    6.10
  **LUTS**                                                                                                                                                                                                                         
  Inflammation                 scale     N                                        Beta                                          P      Infl. Quartiles   LUTS Difference                                        95% CI             
  Extent (%) of inflammation   Average   95                                       -0.04                                         0.88   0.40              2.75                                                   -0.10    -1.49,    1.28
                               Maximum   95                                       -0.03                                         0.25   5.65              38.40                                                  -1.15    -3.10,    0.81
  CD3 positive Tissue          Average   108                                      1.11                                          0.30   0.30              1.02                                                   0.81     -0.73,    2.34
                               Maximum   108                                      0.14                                          0.41   1.86              5.62                                                   0.52     -0.72,    1.76
  CD20 positive Tissue         Average   108                                      -7.50                                         0.06   0.007             0.13                                                   -0.92    -1.88,    0.05
                               Maximum   108                                      -0.82                                         0.01   0.073             1.91                                                   -1.50    -2.68,    -0.32
  ---------------------------- --------- ---------------------------------------- --------------------------------------------- ------ ----------------- ------------------------------------------------------ -------- --------- -------

\* N may vary due to missing values.

\*\* Beta--coefficient from linear regression model adjusted for age and treatment for BPH

\# Difference in PV or LUTS between the quartile values of each immune cell infiltration score, adjusted for age and treatment for BPH.

Discussion {#sec021}
==========

We investigated the role of inflammation in explaining the relationship between obesity and BPH outcomes, including LUTS severity and prostate enlargement. Overall, greater body mass, estimated by BMI, WHR, WC, %BF, fat mass, and blood leptin, was significantly associated with prostate enlargement but not with LUTS severity. Biomarkers of systemic inflammation were not consistently associated with a greater prostate size or more severe LUTS, and levels of prostate tissue inflammation were not associated with prostate enlargement. Severe inflammatory regions in the prostate, however, were significantly associated with LUTS severity. Furthermore, we found among men with prostate tissue inflammation that WHR was significantly associated with increasing grade of inflammation and also with more severe LUTS, consistent with a role of centralized fat deposition with LUTS severity.

Obesity and BPH {#sec022}
---------------

Excess adipose tissue may affect inflammation, lipid metabolism, insulin resistance, and adipokine levels with a plausible role in prostate enlargement and LUTS pathophysiology. For example, IL-6 is produced by a number of cell types, including white adipose tissue where expression of IL-6 has a pro-inflammatory effect. We have previously shown that increased IL-6 levels are associated with BPH progression \[[@pone.0156918.ref033]\]. Such changes, resulting from a systemic insult, may increase the pro-inflammatory environment systemically and supporting pro-inflammatory signaling within prostate tissue. Two studies of male bariatric surgical patients found a reduction in LUTS severity after only one to three months of surgery \[[@pone.0156918.ref034], [@pone.0156918.ref035]\]. Similarly, a low-energy diet leading to a moderate weight loss was also associated with a reduction in LUTS severity \[[@pone.0156918.ref036]\], and further understanding the connection between weight and BPH outcomes may lead to alternative methods of symptom management.

Unfortunately, common research measures of obesity such as body mass index (BMI) are non-specific and do not provide insight to pathways or mechanisms involved \[[@pone.0156918.ref037]\]. Insight, however, may come from comparing different obesity measurements and BPH outcomes, and including biomarkers representing inflammatory pathways. We observed a broad and robust relationship between greater body size as estimated through multiple measurement approaches and prostate enlargement. Prostate enlargement is a significant cause for LUTS, but LUTS is not solely a function of prostate size but also involves weakness of the detrusor muscle in the bladder, infection, and dysregulation of the autonomic nervous system. In this analysis, the robust relationship between obesity and prostate enlargement did not extend to LUTS severity. Indeed, LUTS severity, unlike prostate enlargement, is as much, if not more, consistently associated with physical activity as with obesity, further illustrating a separation between prostate enlargement and LUTS and the outcome from multiple component causes \[[@pone.0156918.ref038]--[@pone.0156918.ref040]\].

Systemic Inflammation {#sec023}
---------------------

With increasing adiposity, there is an increase in lipid accumulation and adipocyte cell size, inducing hypoxia and cell necrosis. M1 macrophages invade the adipose tissue and release proinflammatory cytokines into circulation. Through measurement of listed blood and urinary biomarkers of inflammation and oxidative stress such as IL-6 and PGE-M, we investigated the role of systemic inflammation on prostate enlargement and LUTS severity \[[@pone.0156918.ref018], [@pone.0156918.ref019]\]. Schenk and colleagues reported that IL-6 levels were associated with LUTS severity in the PCPT, and controlling for BMI did not alter the association substantially \[[@pone.0156918.ref041]\]. In contrast, we did not see an association between IL-6 and prostate volume or increased LUTS severity. Indeed, cytokines such as IL-6 and IL-1β, as well as urinary PGE-M levels, tended to be associated with somewhat lower LUTS severity, with stronger effects among men under treatment for BPH. The exception may be leptin, since leptin is not only an adipocytokine but also enhances cytokine production and induces T cell activity \[[@pone.0156918.ref042]\]. However, the lack of association between prostate enlargement and other proinflammatory cytokines suggests that leptin, in this case, serves as an obesity biomarker rather than an inflammation biomarker. That pro-inflammatory cytokines were not related to prostate enlargement suggests a broader metabolic effect may be involved perhaps represented by the metabolic syndrome such as hyperlipidemia \[[@pone.0156918.ref038]\].

Prostate Tissue Inflammation {#sec024}
----------------------------

Prostate tissue inflammation was associated with LUTS severity in MTOPS and REDUCE \[[@pone.0156918.ref008], [@pone.0156918.ref010]\]. However, we did not see an association between prostate size or LUTS severity with the number of regions of inflammation. Additionally, prostate size was not associated with inflammation grade, location, extent, or aggressiveness. In contrast, inflammation grade was significantly associated with LUTS severity, with those men with severe inflammatory regions reported an average 7 points higher on the AUA-SI. This highlights the importance of characterizing the properties of inflammatory regions. We further note that regions of inflammation distant from the glandular compartment had a nonsignificantly greater LUTS severity (p = 0.058), consistent with a remodeling of the stromal compartment of the prostate leading to hyperplasia and a potential target for future investigation.

WHR was significantly associated with increasing grade of inflammation, and with LUTS severity, suggesting that centralized adiposity as reflected by the WHR advances the severity of inflammatory regions leading to increased LUTS severity. Increasing centralized adipose deposition is a component of the broader metabolic syndrome, associated with inflammatory diseases including diabetes, hyperlipidemia, and cardiovascular disease. Indeed, the rapid reduction in LUTS severity following bariatric surgery and before maximal weight loss suggests some aspect of metabolic dysregulation such as insulin sensitivity could be involved \[[@pone.0156918.ref035]\]. Centralized adiposity also plays a stronger role than subcutaneous adiposity toward the activation of T cells, natural killer (NK) cells, and macrophages, and also affects lipid metabolism in the liver \[[@pone.0156918.ref043]--[@pone.0156918.ref045]\]. It is also possible that WHR reflects a measure of periprostatic adipose tissue and the local release of paracrine factors affecting prostate tissue. Whether NSAIDS \[[@pone.0156918.ref046]\], lipid medications \[[@pone.0156918.ref047]\], or weight reduction may reduce the burden of LUTS requires further investigation.

Immune Cell Infiltration {#sec025}
------------------------

Inflammatory infiltrates may include T and B lymphocytes \[[@pone.0156918.ref048], [@pone.0156918.ref049]\], however we did not see a strong or significant relationship between CD3 or CD20 immune cell infiltration with greater prostate volume or LUTS. If anything, greater CD3 or CD20 immune cell infiltration had an inverse association with prostate volume or LUTS, and indeed the identification of regions of more intense CD20 staining was significantly associated with lower LUTS severity. Inflammation is a common finding in prostate tissue, obtained either at biopsy or at the time of surgery, and our data demonstrate that the presence of inflammation alone is insufficient to affect LUTS severity. Indeed, the primary role of the immune system is to protect against a tissue challenge, and an alternative interpretation of our data would suggest that an inadequate CD20 response contributes toward the development of LUTS. Additionally, despite a presumed role of androgen activity in BPH, low androgen levels also have been correlated with greater prostate inflammation \[[@pone.0156918.ref050]\]. Such compensatory mechanisms may be why measuring androgen levels alone has been served to better understand BPH progression. We did not find that markers of immune cell infiltration were significantly associated with obesity indices, however, and thus we were not able to establish a link between obesity and an inadequate immune cell response in prostate tissue.

Strengths and Limitations {#sec026}
-------------------------

Strengths in this analysis include the simultaneous evaluation of tissue, blood, and urine biomarkers of inflammation and oxidative stress. Rather than rely solely on BMI as our obesity measure, we also measured WC, WHR, blood leptin levels, and %BF and fat mass by bioelectric impedance analysis. All body size measures were obtained by trained staff, and prior to diagnosis to prevent any bias related to the knowledge of diagnosis on data collection, patient reporting, or treatment effects. We restricted our analysis to men without prostate cancer as determined by prostate biopsy to minimize the likelihood that LUTS derived from prostate cancer rather than BPH related conditions. Furthermore, inflammation scoring of prostate tissue was performed on biopsies from the left and right side of the prostate for each patient, and reviewed by a reference pathologist.

Study limitations include difficulty in determining temporal relationships between measurements within the cross-sectional study design. For example, it is possible that prostate size or LUTS altered in some way urinary biomarker levels, although it is unlikely that prostate size would affect BMI or body composition. BPH treatment could have affected biomarker values, however interaction terms were for the most part non-significant, analyses stratified by BPH treatment status did not suggest a consistent pattern or effect, and we control for BPH treatment throughout the main analysis. The blood biomarkers were assayed after several years storage at -80°C, which may have decreased precision. It was necessary to measure tissue inflammation in the peripheral zone of the prostate, however the transitional zone may have more direct impact on BPH outcomes. Difuccia and colleagues compared inflammatory cell density across prostate zones, and found peripheral zone inflammatory cell density correlated significantly with inflammatory cell density in transitional zone immune cell density \[[@pone.0156918.ref024]\]. We measured CD3 and CD20 to provide a score of T and B cell infiltration in prostate tissue, but understand that of other components of immune response may be involved. Tissue inflammation scoring by grade and extent would capture the total inflammatory effect across all immune cell types. We did not adjust for multiple testing, but instead used a traditional significance level of p\<0.05 and interpreted results based on our *a priori* hypothesis. Also, there were several associations that had marginal statistical significance at p\<0.10 and, given the imprecision of biomarker analysis, should be considered in future investigations The majority of study participants were white, and results may not generalize to other race/ethnicities.

Conclusion {#sec027}
----------

Centralized adipose deposition was associated with the severity of prostate tissue inflammation and LUTS within the subset of participants with prostate tissue inflammation. An approach to minimize centralized fat deposition may reduce LUTS severity in BPH patients. Lack of a clear relationship between blood or urinary biomarkers of inflammation or oxidative stress with prostate size or LUTS suggests the effects of obesity on BPH may be mediated by factors aside from systemic pro-inflammatory cytokines or oxidative stress. Further research is needed to expand the panel of pathways potentially affecting the obesity-BPH relationship to identify this mechanism.

Supporting Information {#sec028}
======================

###### Age-adjusted Interactions with BPH Treatment.

(DOCX)

###### 

Click here for additional data file.

###### Minimal Dataset.

(CSV)

###### 

Click here for additional data file.

[^1]: **Competing Interests:**The authors have declared that no competing interests exist.

[^2]: Conceived and designed the experiments: JHF PEC. Performed the experiments: JHF OF. Analyzed the data: JHF TK. Wrote the paper: JHF TK OF PEC. Hypothesis: JHF PEC. Study design: JHF. Data collection: JHF. Statistical analysis: JHF TK. Immune cell scoring: JHF. Funding: JHF. Pathology tissue scoring: OF.
